Nerve injury often causes neuronal loss and glial proliferation, disrupting the delicate balance between neurons and glial cells in the brain. Recently, we have developed an innovative technology to convert internal reactive glial cells into functional neurons inside the mouse brain. Here, we further demonstrate that such glia-to-neuron conversion can rebalance neuron-glia ratio and reverse glial scar back to neural tissue.
INTRODUCTION
The central nervous system (CNS) consists of both neurons and glial cells, forming a delicate balance to maintain normal brain functions. CNS injury is often studied in the context of either neuronal loss or glial scar, but the balance between neurons and glial cells has not been adequately addressed in previous studies. One potential reason is that generating new neurons after nerve injury in the adult mammalian CNS is rather difficult despite decades of research (Cregg et al., 2014; He and Jin, 2016; Yiu and He, 2006) . Another reason is that glial scar not only serves as a physical barrier but also a chemical barrier for neuroregeneration by accumulating neuroinhibitory factors such as chondroitin sulfate proteoglycans (CSPGs) and lipocalin-2 (LCN2), as well as inflammatory cytokines such as TNFα and interleukin-1β (IL-1β) (Ferreira et al., 2015; Koprivica et al., 2005; Silver and Miller, 2004) . Neutralization of the neuroinhibitory factors leads to improved axonal regeneration in mouse models of CNS injury (Bradbury et al., 2002; Sivasankaran et al., 2004) . The presence of glial scar correlates well with neuroinflammation and breakdown of blood-brain-barrier (BBB), resulting in a toxic microenvironment for neuron survival (Silver and Miller, 2004) . Reduction of neuroinflammation in the injury sites can effectively reduce neuronal death (Fu et al., 2015; Witcher et al., 2015) . However, neural protection alone is not sufficient for functional recovery if not enough new neurons being regenerated to replenish the lost neurons.
While the neuroinhibitory role of glial scar has been well established after decades of research, a recent study reported that glial scar actually helped axon regeneration based on the observation that ablation of scar-forming astrocytes inhibited axon regeneration (Anderson et al., 2016) . This controversial study caused confusion in the neuroregeneration field and triggered fresh debate regarding the precise function of glial scar during neural injury and repair (Silver, 2016) . Given the essential roles of astrocytes in supporting neurons, buffering excitatory toxicity, and maintaining BBB integrity (Khakh and Sofroniew, 2015) , elimination of astrocytes will inevitably disrupt the CNS homeostasis. However, it is questionable whether killing reactive astrocytes is 4 an ideal approach to assess the double-faceted roles of reactive astrocytes in terms of both neuroprotection and neuroinhibition after injury.
In this study, we employ a different strategy to reassess glial scar after neural injury through direct conversion of reactive astrocyte into neurons, rather than killing reactive astrocytes approach. We have recently demonstrated that ectopic expression of NeuroD1 in reactive astrocytes can convert them into functional neurons inside the mouse brain (Guo et al., 2014) . Such glia-to-neuron conversion can also be achieved with other neural transcription factors, such as Sox2 (Heinrich et al., 2014; Niu et al., 2013; Su et al., 2014) , Ngn2 (Gascon et al., 2016; Grande et al., 2013; Heinrich et al., 2014) , and Ascl1 Rivetti di Val Cervo et al., 2017; Torper et al., 2015; Torper et al., 2013) . However, none of these studies addressed what happened to the glial scar formation after in vivo glia-to-neuron conversion. Will glial cells be exhausted after conversion? Will injury become worse after conversion? Will axon regeneration be inhibited after conversion?
To answer these fundamental questions regarding in vivo glia-to-neuron conversion, we employed a severe stab injury model in the mouse motor cortex to investigate the broad impact of cell conversion on the microenvironment of injured brains. Different from the result of killing reactive astrocytes, converting reactive astrocytes into neurons essentially reversed glial scar back to neural tissue. Importantly, astrocytes were not depleted after neuronal conversion, but rather repopulated after conversion. Unexpectedly, ectopic expression of NeuroD1 in reactive astrocytes transformed A1 type toxic astrocytes into less reactive astrocytes. Interestingly, reactive microglia were also ameliorated and neuroinflammation was reduced following NeuroD1-mediated astrocyte-to-neuron (AtN) conversion. Furthermore, blood-brainbarrier (BBB) was restored and neuronal synaptic connections were re-established after AtN conversion. Together, we demonstrate that NeuroD1-mediated cell conversion can reverse glial scar back to neural tissue by rebalancing neuron:glia ratio after injury.
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RESULTS
High efficiency of NeuroD1-mediated astrocyte-to-neuron conversion in a severe stab injury model
The functional role of reactive glial cells after neural injury is still controversial despite extensive research over the past decades. On one hand, reactive glial cells have long been reported to secret neuroinhibitory and neuroinflammatory factors to hamper neuroregeneration (Bush et al., 1999; Cregg et al., 2014; He and Jin, 2016; Silver and Miller, 2004; Yiu and He, 2006) ; on the other hand, a recent study suggests that glial scar actually aids axonal regeneration (Anderson et al., 2016) , raising huge confusion in the field (Silver, 2016) . We have recently demonstrated that reactive glial cells can be directly converted into functional neurons inside mouse brains by a single transcription factor NeuroD1 (Guo et al., 2014) . If glial scar aids axon regeneration, will converting astrocytes result in any detrimental effects and make the injury worse? To answer this important question, we established a severe stab injury model in adult mice (3-6 months old, both gender included) and investigated the impact of NeuroD1-mediated astrocyteto-neuron (AtN) conversion on the microenvironment of the injury areas. Specifically, we used a blunt needle (outer diameter 0.95 mm) to make a severe stab injury in the mouse motor cortex, which induced a significant tissue loss together with reactive astrogliosis in the injury sites ( Supplementary Fig. 1a ). As expected, the number of astrocytes increased significantly in the stab-injured areas at 10 days post stab injury (dps) ( Supplementary Fig. 1a , right bar graph). This is consistent with the intrinsic proliferative capability of astrocytes following neural injury, as shown by bromodeoxyuridine (BrdU) incorporation during cell division (Supplementary Fig. 1b; BrdU+ astrocytes, 38.7 ± 2.5 %, n = 4 mice, 10 dps).
To convert glial cells into neurons, we first employed retroviruses expressing NeuroD1 in dividing reactive glial cells as previously reported (Guo et al., 2014) . We confirmed that ectopic expression of NeuroD1-GFP in glial cells efficiently (90.6 ± 5.2 %) converted them into NeuN+ neurons, whereas none of the GFP-infected cells were colabeled by NeuN in the control group ( Supplementary Fig. 2 , n = 4 mice). Despite high conversion efficiency, the total number of newly converted neurons after retroviral 6 infection was limited due to the limited number of glial cells that happened to be dividing during retroviral injecting. To increase the total number of newly converted neurons in the injury sites for therapeutic repair, we developed an AAV Cre-FLEX system in order to achieve more broad viral infection and cell conversion because AAV can express target genes in both dividing and non-dividing cells (Ojala et al., 2015) . Specifically, Cre recombinase was expressed under the control of astrocyte promoter GFAP (GFAP::Cre) to target astrocytes specifically. The expression of Cre will act at the loxP-type recombination sites flanking an inverted sequence of NeuroD1-P2A-mCherry under the CAG promoter in a separate AAV vector (FLEX-CAG::NeuroD1-P2A-mCherry) ( Supplementary Fig. 3 ). Therefore, NeuroD1 expression can be targeted to reactive astrocytes where GFAP promoter is highly active, and the subsequent Cre-mediated recombination will lead to high expression of NeuroD1 driven by a strong promoter CAG.
This AAV Cre-FLEX system was proved to be very efficient as shown by wide expression of NeuroD1-mCherry in the stab-injured cortical areas (Figure 1a) . Importantly, at 7 days post viral injection (dpi) (injected at 4 dps), the control mCherry AAV-infected cells were mostly GFAP+ astrocytes as expected, whereas the majority of NeuroD1-mCherry infected cells had become NeuN+ neurons (Fig. 1b) . Quantitatively, we found that NeuroD1-mediated astrocyte-to-neuron conversion efficiency was 89.2 ± 4.7% (7 dpi, n = 4 mice), whereas in control group 80% of mCherry AAV-infected cells were astrocytes ( Supplementary Fig. 4a ). The number of NeuroD1-converted neurons in the injury areas were quantified as 219.7 ± 19.3 / mm 2 at 14 dpi. Together, by developing an AAV Cre-FLEX system to highly express NeuroD1 in reactive astrocytes, we achieved high efficiency of astrocyte-to-neuron (AtN) conversion in stab-injured mouse cortex.
Astrocytes not depleted after conversion
Astrocytes play a vital role in supporting neuronal functions (Allen and Barres, 2009 ).
The high efficiency of AtN conversion raises a serious concern regarding whether astrocytes might be depleted after neuronal conversion. We therefore performed GFAP staining and did observe an overall reduction of GFAP signal in the NeuroD1 group compared to the control group (Figure 1c) . Unexpectedly, not only the GFAP signal was proliferate. To test this idea, we injected BrdU, which can be incorporated into DNA during cell division, daily from 7 dpi (viral injection at 4 dps) to 14 dpi in order to monitor cell proliferation in both control group and NeuroD1 group ( Figure 1d , left schematic illustration). Interestingly, we discovered that the number of BrdU-labeled astrocytes in the NeuroD1 group more than tripled that of the control group (Figure 1d , right panels and bar graph for quantification). Importantly, many of the BrdU-labeled astrocytes were adjacent to the NeuroD1-converted neurons ( Figure 1d , arrow head), suggesting that astrocytes can self-regenerate following AtN conversion. Therefore, astrocytes will not be depleted by AtN conversion but rather repopulated due to their intrinsic proliferative capability (Bardehle et al., 2013; Wanner et al., 2013) .
Neuron:astrocyte ratio rebalanced after conversion
Brain functions rely upon a delicate balance between neurons and glial cells. After neural injury, neurons die but glial cells proliferate, leading to an altered neuron:glia ratio in the injury areas. This was clearly reflected in our severe stab injury model, where the number of healthy neurons (NeuN+ cells) significantly decreased after injury but the number of astrocytes significantly increased (GFAP+/s100b+) ( Figure 1e ).
Interestingly, after NeuroD1-mediated AtN conversion, the NeuN+ neurons significantly increased but the number of astrocytes decreased (Figure 1e ), a clear reversal from the injury. Quantitative analysis discovered that the neuron:astrocyte ratio in the mouse 8 motor cortex was ~4:1 (4 neurons to one astrocyte) in resting condition ( Figure 1e , white bar in the right bar graph). After stab injury, the neuron:astrocyte ratio dropped to <1
( Figure 1e , black bar). After NeuroD1-conversion, the neuron:astrocyte ratio reversed back to 2.6 at 14 dpi ( Figure 1e , gray bar). Such significant reversal of the neuron:astrocyte ratio is critical for functional recovery in injured brains.
A1 Reactive astrocytes transformed during conversion
A recent study suggested that reactive astrocytes after injury or disease might be characterized into A1 and A2 astrocytes with different gene expression profile (Liddelow et al., 2017) . If astrocytes persisted after NeuroD1-mediated conversion, are they different from the reactive astrocytes in the control group? To answer this question, we properties. Importantly, such beneficial effects occurred as early as 3 days after NeuroD1 infection, even before astrocytes converting into neurons.
Astrocyte-microglia interaction during neuronal conversion
It is reported that toxic A1 astrocytes are activated by cytokines such as IL-1a, TNF, and C1q secreted by reactive microglia (Liddelow et al., 2017) . Conversely, reactive astrocytes also secret cytokines such as TGFb, CXCL10, CLC2, ATP, C3, ORM2 to modulate microglia (Chung and Benveniste, 1990; Norden et al., 2014) . Figure 7d) . In NeuroD1-infected areas, however, microglia morphology reversed back and was closer to the resting microglia with ramified processes (Figure 3a , bottom row). Such morphological change started as early as 3 dpi, shown in Figure 3b , where microglia contacting NeuroD1-infected astrocytes were much less reactive compared to the microglia 10 contacting mCherry-infected astrocytes. RT-PCR analysis revealed that the cytokines TNFa and IL-1b were both significantly increased after stab injury, but both attenuated in the NeuroD1 group (Figure 3b , bar graph, One-way ANOVA followed by Turkey's test, * P < 0.05, *** P < 0.001, n = 4 pairs). Such dramatic decrease of cytokines during AtN conversion may explain why microglia were less reactive in the NeuroD1 group.
Consistently, toxic M1 microglia that were immunopositive for iNOS showed a significant reduction in the NeuroD1 group compared to the control group (Figure 3c , Student's t test, *** P < 0.001, n = 4 pairs). Note that the reduction of iNOS-labeled M1 microglia coincided with the reduction of toxic A1 astrocytes, as detected at 3 dpi after NeuroD1 infection, suggesting an intimate interaction between astrocytes and microglia (Volterra and Meldolesi, 2005) . At 7 dpi, compared to the control group, the reduction of iNOS in the NeuroD1 group was even more significant, accompanied with a reduction of Iba1 signal as well ( Figure 3d , two-way ANOVA, ** P < 0.01, *** P < 0.001, n = 6 pairs at 3 dpi and 7dpi, n = 5 pairs at 14 dpi). In addition, stab injury also induced a remarkable increase in the expression level of CD68, a marker for macrophages and monocytes as well as some reactive microglia (Figure 3e ). However, in NeuroD1-infected areas, the expression level of CD68 was significantly attenuated (Figure 3e , bar graph, two-way ANOVA, ** P < 0.01, *** P < 0.001, n = 6 pairs). Together, these results suggest that accompanying astrocyte-to-neuron conversion, toxic M1 microglia are reduced and neuroinflammation is alleviated.
Astrocyte-blood vessel interaction during in vivo cell conversion
One important function of astrocytes in the brain is to interact with blood vessels and contribute to blood-brain-barrier (BBB) in order to prevent bacterial and viral infection and reduce chemical toxicity (Obermeier et al., 2013) . Breakdown of BBB will result in the leakage of a variety of biological and chemical agents into the parenchymal tissue, contributing to the secondary neural injury (Bush et al., 1999) . In healthy brain, BBB is tightened by astrocytic endfeet wrapping around the blood vessels ( Figure 4a ).
Comparing to the evenly distributed blood vessels (labeled by endothelial marker Ly6C) in non-injured brains (Figure 4b , left panels), stab injury caused blood vessels swollen 11 ( Figure 4b , middle panels). In NeuroD1-treated group, however, blood vessels exhibited less hypertrophic morphology and closer to the ones in healthy brains (Figure 4b , right panels). Accompanying altered blood vessel morphology after stab injury, we also found a disruption of BBB, as evident by the mislocalization of AQP4 signal. AQP4 is a water channel protein, normally concentrating at the endfeet of astrocytes at resting state wrapping around blood vessels (see Figure 4a) . After stab injury, AQP4 signal dissociated from blood vessels and instead distributed throughout the injury areas ( Figure 4c , top row). Interestingly, in NeuroD1-treated areas, AQP4 signal showed reassociation with blood vessels, returning back to normal state ( Figure 4c , bottom row).
Note that the astrocytic morphology also looked much less reactive in NeuroD1-treated group ( Figure 4c , bottom row). To further evaluate BBB integrity, we perfused the mice with biotin, a molecule that can easily leak out after BBB breakdown. After stab injury,
we observed a significant leakage of biotin in the injured areas in control group expressing mCherry alone ( Figure 4d , top row). However, in NeuroD1 group, biotin was mainly detected inside the blood vessels and the leakage was significantly reduced in the parenchyma tissue ( Figure 4d , bottom row), indicating restoration of BBB integrity.
Together, these results suggest that after NeuroD1-mediated cell conversion, astrocytes interact with blood vessels again to restore the broken BBB caused by neural injury.
Functional recovery after NeuroD1-mediated neuronal conversion
With a substantial change in the glial environment after NeuroD1-mediated AtN conversion, we further investigated neuronal properties such as dendritic morphology, synaptic density, and electrophysiological function in the injury areas. Stab injury resulted in severe dendritic damage as expected, shown by dendritic marker SMI32
( Figure 5a , left images, green signal). In NeuroD1-infected areas, however, we detected a significant increase in dendritic signal SMI32 (Figure 5a , bottom image). Quantitatively, neuronal dendrites labeled by SMI32 were severely injured after stab lesion, decreasing to 25% of the non-injured level, but NeuroD1 treatment rescued the dendritic signal to over 50% of the non-injured level at 14 dpi (Figure 5a ; bar graph, two-way ANOVA, *** P < 0.001, n = 4 pairs). Consistent with the dendritic damage, stab injury also caused a severe reduction of synapses in the injured areas as shown by glutamatergic synapse marker vGluT1 and GABAergic synapse marker GAD67 (Figure 5b , left images). After
NeuroD1 treatment (30 dpi), both glutamatergic and GABAergic synaptic density in the injured areas showed a significant increase compared to the control group ( Figure Quantitatively, the tissue loss around the injury areas in the NeuroD1 group was significantly reduced by 60% compared to the control group (Figure 5d , right line graph, Two-way ANOVA, ** P < 0.01, n = 5 pairs). Together, these results suggest that converting reactive astrocytes into neurons significantly reduced tissue loss and successfully repaired the damaged brain.
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DISCUSSION
In this study, we demonstrate that NeuroD1-mediated astrocyte-to-neuron conversion essentially reverses glial scar back to neural tissue through restoring the neuron:astrocyte ratio in the injury sites. This is achieved not only by regeneration of new neurons, but also self-repopulation of new astrocytes after conversion. Even before converting into neurons, toxic A1 type reactive astrocytes can be transformed into less reactive astrocytes and hence releasing less toxic cytokines after expressing NeuroD1.
Meanwhile, toxic M1 microglia and neuroinflammation in the injury sites are attenuated, and blood vessels and BBB are restored after NeuroD1-mediated AtN conversion.
Together, AtN conversion results in more functional neurons, less reactive glial cells, and rebalanced neuron:astrocyte ratio. Therefore, it is possible to reverse glial scar back to neural tissue through in vivo convertion of reactive astrocytes into functional neurons.
Reversing glial scar back to neural tissue through rebalancing neuron:glia ratio
Glial cells, in particular astrocytes, closely interact with neurons to provide structural, metabolic, and functional support. A delicate balance between neurons and glia ensures normal brain function. Injury to brain tissue leads to irreversible neuronal loss accompanied by glial proliferation. As a result, the delicate balance between neurons and glia is altered and brain functions impaired. In the mouse motor cortex where our studies are performed, the neuron:astrocyte ratio was quantified to be 4:1 (4 neurons/astrocyte), which is in accordance with previous findings (Nedergaard et al., 2003) . Considering its long axon and dendrites, each individual neuron is actually associated with many astrocytes. Although the functional role of astrocytes in neural injury has been extensively examined in previous studies, the balance between neurons and glia during brain repair has not been well understood. This may be partly due to the fact that previous technologies are not possible to restore the neuron:glia ratio after 14 injury. Transplantation of exogenous neuroprogenitor cells can generate new neurons, but difficult to reduce reactive glial cells (Lu et al., 2012; Peron et al., 2017; Toft et al., 2007) . Conversely, ablation of astrocytes can reduce the number of glial cells but cannot generate new neurons (Anderson et al., 2016) . Other approaches attempting to attenuate glial scar, such as using chondroitinase ABC to reduce CSPG level (Sekiya et al., 2015) , also cannot generate new neurons. We predict that brain functional recovery will be difficult to achieve if neuron:glia ratio after injury is not restored to a level close to the resting state.
Comparing to previous technologies, our in vivo AtN conversion approach offers a unique strategy that can both reduce reactive astrocytes without killing them, and generate sufficient number of new neurons without external cell transplantation. By directly converting reactive astrocytes into neurons, we are able to quickly rebalance neuron to astrocyte ratio from 0.6 after brain injury to 2.5 in 2 weeks after neuronal conversion, which is much closer to 4 neurons/astrocyte in the resting state.
Accompanying such remarkable increase of neuron:astrocyte ratio, we demonstrate that neuronal dendrites are significantly restored together with a significant increase of synaptic density. Therefore, we conclude that in vivo cell conversion can rebalance neuron:glia ratio and reverse glial scar back to functional neural tissue.
Astrocytes not depleted but rather repopulated after neuronal conversion
As the most abundant cell type in the mammalian CNS, astrocytes influence brain functions by providing trophic support to neurons, regulating BBB, modulating immune cells, and controlling synapse formation. It is well established that reactive astrocytes undergo dramatic morphological change and express high level of GFAP and cytokines such as TNFa and Lcn2 in the CNS after injury or disease (Zamanian et al., 2012) .
However, the precise function of reactive astrocytes after injury is still under debate due to their double-faceted roles. On one hand, the inhibitory effect of reactive astrocytes on axon regeneration has been widely reported (Cregg et al., 2014; Silver and Miller, 2004; Yiu and He, 2006) . Reactive astrocytes also produce pro-inflammatory cytokines that exacerbate CNS injury (Brambilla et al., 2005; Pineau et al., 2010; Sofroniew, 2015) . On the other hand, a recent study reported that ablation of scar-forming astrocytes after spinal cord injury impaired axon regeneration, leading to a conclusion that glial scar actually aids axon regeneration (Anderson et al., 2016) . In line with this finding, the same group earlier reported that the depletion of reactive astrocytes led to spreading of a stab wound in the forebrain, indicated by prolonged immune response, failure of BBB repair, and extensive neural degeneration (Bush et al., 1999) . It is important to point out that these results are based on the ablation of scar-forming astrocytes, which causes massive astrocytic death in the injury areas and will inevitably trigger massive neuroinflammation from reactive microglia. This is indeed what has been observed when astrocytes are killed (Anderson et al., 2016; Bush et al., 1999) . Over activation of microglia and macrophages can induce profound neurotoxicity and axonal retraction through both physical interaction and inflammatory responses (Horn et al., 2008; Hu et al., 2015; Silver, 2016) . In addition, astrocytes provide a variety of support to normal neuronal functions, ranging from neurotrophic nourishing to neurotoxin removal as well as regulating synaptic structure and functions (Allen and Barres, 2009) . Therefore, it is not surprising that killing astrocytes will further deteriorate the microenvironment of injury areas if neurons are deprived of astrocytic support. In contrast to the killing astrocyte approach, we demonstrate here that our in vivo neuronal conversion approach did not deplete astrocytes in the injured areas. Instead, after AtN conversion, the remaining astrocytes showed much higher proliferation rate to repopulate themselves.
Therefore, different from astrocyte-killing approach, our in situ AtN conversion approach not only regenerates new neurons but also regenerate new astrocytes, reaching a new balance between neurons and astrocytes in the injury areas.
Why killing astrocytes results in worsening of neural injury, whereas converting astrocytes into neurons repairs damaged neural tissue? The fundamental difference is the way astrocytes are treated. When transgenic mice were used to kill proliferating reactive astrocytes or impair STAT3 signaling pathway, not many functional astrocytes were left in the injury areas (Anderson et al., 2016) . In contrast, when we converted reactive astrocytes into neurons, we observed many astrocytes with less reactive morphology in the injury areas. While this was initially surprising to us, it later became more apparent after we discovered that the entire microenvironment was ameliorated 16 after AtN conversion. One of the new insights gained from this study is that in addition to neural injury that can stimulate astrocytic proliferation, we now demonstrate that AtN conversion in the adult brain can also trigger astrocytic proliferation. With repopulation of astrocytes in the injury areas, our AtN conversion approach avoids the detrimental effects of depleting astrocytes reported before (Anderson et al., 2016) . In fact, we believe that the newly generated astrocytes may interact with the newly converted neurons to facilitate neural repair.
Besides astrocytic proliferation after conversion, another unexpected finding is the transformation of A1-like toxic reactive astrocytes into non-toxic astrocytes after ectopic expression of NeuroD1 before neuronal conversion. Recent report identified A1 toxic reactive astrocytes after CNS injury (Liddelow et al., 2017; Zamanian et al., 2012) .
Specifically, A1 astrocytes lose normal astrocytic functions but exhibit detrimental effects on CNS repair such as secreting neurotoxic cytokines, disrupting synapses, and killing neurons and oligodendrocytes. Our data revealed that the reactive astrocytes after severe stab injury showed some characteristics of A1 astrocytes, including massive increase in the expression level of Gbp2 and Serping1. Surprisingly, after only 3 days of NeuroD1 infection, even before neuronal conversion, the reactive astrocytes lost most of the Gbp2 and Serping1 expression, together with a decrease of inflammatory marker Lcn2. Therefore, NeuroD1 expression inhibits the reactive response of astrocytes in the injury areas, as evident from the observation of less hypertrophic morphology and reduced GFAP and CSPG in NeuroD1-infected astrocytes.
It may be worth mentioning that a previous report found that mild stab injury in the brain resulted in less astrocytic proliferation (Bardehle et al., 2013 ). In the current study, we used a large needle (outer diameter 0.95 mm) to induce severe stab injury, resulting in clear tissue loss in the mouse motor cortex. Accordingly, we found a significant number of proliferating astrocytes in the injured areas. Therefore, different levels of neural injury or different disease models may result in different levels of astrocytic proliferation.
Attenuation of neuroinflammation and restoration of BBB
It is unexpected when we detect a drastic decrease of microglia and neuroinflammatory factors in the injury areas following NeuroD1-mediated AtN conversion. If astrocytic and neuronal changes are directly associated with AtN conversion, the changes in microglia must be an indirect effect, an indication of non-cell autonomous impact on the microenvironment where the AtN conversion occurs. Microglia act as neuroprotective cells and play a pivotal role in immune defense in the brain by constantly surveying brain tissue to identify any potential damage for immediate repair. On the other hand, excessive activation of microglia often leads to secondary neuronal damage due to their secretion of neurotoxic cytokines, inflammatory factors, and reactive oxygen spices (Hu et al., 2015; Neher et al., 2013) . Therefore, like reactive astrocytes, reactive microglia also exert both positive and negative effects on injured nerve tissue. How to maintain the immune response of microglia at a proper level is pivotal in neural repair. One major difficulty in controlling microglial response is to find out what is the best time window to stop their reactive responses once the immune defense system has already been turned on. In the current study, we were surprised to observe diminished microglial reactivity and a drastic reduction of inflammatory factors such as TNFa and interleukin 1β (IL-1β). Intriguingly, microglia that are in close contact with NeuroD1-infected astrocytes lost reactive properties, becoming iNOS negative with more ramified processes. This observation is in line with previous studies showing astrocytic modulation of microglial activity through a variety of factors including ATP, Ca 2+ , complement (C3), chemokines and plasma protein ORM2 (Clarner et al., 2015; Davalos et al., 2005; Jo et al., 2017; Lian et al., 2016; Schipke et al., 2002; Zamanian et al., 2012) . Therefore, by converting reactive astrocytes into neurons, NeuroD1 treatment indirectly regulates the reactivity of microglia and reduces neuroinflammation.
Another indirect impact of AtN conversion is the restoration of the BBB integrity in NeuroD1-infected areas. Astrocytes actively participate in the maintenance of BBB integrity by physically contacting blood vessels with endfeet and secreting growth factors such as vascular endothelial growth factor A (VEGFA), basic fibroblast growth factor 2 (FGF2), interleukin 6 (IL-6), and glia-derived neurotrophic factor (GDNF) to 18 promote angiogenesis (Obermeier et al., 2013) . After stab injury, we found that the endfeet of reactive astrocytes were dissociated from the blood vessels and the water channel AQP4 was not concentrating at the endfeet anymore, suggesting a disruption of the interaction between astrocytes and blood vessels. This is consistent with previous finding that brain injury is accompanied with BBB breakdown (Shlosberg et al., 2010) .
Interestingly, after NeuroD1-mediated cell conversion, not only astrocytes became less reactive, but also astrocytic endfeet became re-associated with blood vessels and the AQP4 signal was relocated to the endfeet, suggesting a restoration of BBB. Such astrocytic endfeet change is indeed unexpected. The mislocalization of AQP4 signal in reactive astrocytes after brain injury is one of many indications that the reactive astrocytes cannot maintain normal structure and function in an injured environment (Fukuda and Badaut, 2012) . Conversely, the reversal of AQP4 signal back to the endfeet is an indication that the neural injury has been alleviated and the astrocytes are returning to normal structure and function.
In summary, we demonstrate here that NeuroD1-mediated astrocyte-to-neuron conversion has broad impact on the microenvironment of injured neural tissue: it not only generates new neurons, reduces toxic A1 astrocytes, but also attenuates toxic M1 microglia and repairs blood vessels and BBB integrity. Importantly, the neural repairing effect of NeuroD1 starts very early, as early as 3-4 days post NeuroD1 infection and even before neuronal conversion. Our studies provide the proof-of-concept that glial scar can be reversed back to neural tissue through in vivo astrocyte-to-neuron conversion.
Material and Methods:
See supplementary material.
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This work was supported by grants from National Institutes of Health (AG045656, (c) Astrocytes not depleted in NeuroD1-converted areas. Control AAV-infected injury areas showed intensive GFAP signals (green) with hypertrophic morphology (top row, 7 dpi). In contrast, NeuroD1-infected injury area showed significantly reduced GFAP expression, and astrocytic morphology was less reactive but closer to healthy ones (bottom row, arrow head). Importantly, astrocytes persisted in the area with many NeuroD1-converted neurons (red). Scale bar = 200 µm (low mag), and 20 µm (high mag). Quantitative analysis revealed a significant reduction of both GFAP intensity and GFAP-covered area in NeuroD1-infected injury areas (right bar graphs). Note that the GFAP signal in NeuroD1 group was reduced to half of control group but still higher than the non-injured brains, indicating that astrocytes were not depleted after NeuroD1 conversion. n = 4-6 mice per group. ** P < 0.01, *** P < 0.001, two-way ANOVA followed by Bonferroni post-hoc test.
(d) Increased proliferation of astrocytes after NeuroD1-mediated cell conversion. BrdU was applied daily in GFAP::GFP mice between 7 -14 days post viral injection, a time window of cell conversion, to assess cell proliferation. We detected many proliferating astrocytes that were co-labeled with BrdU (magenta) and GFP (green) in the vicinity of NeuroD1-converted neurons (red). Scale bar = 20 µm. Quantitative analysis revealed a significant increase of the number of proliferating astrocytes (BrdU + /GFAP + ) in NeuroD1-infected injury areas, compared to the control group. n = 3 mice. * P < 0.05,
(e) Rescue of neuron:astrocyte ratio after NeuroD1-mediated AtN conversion. Left images illustrating neurons (NeuN, red) and astrocytes (S100β, green; GFAP, cyan) in non-injured brains, mCherry control group, and NeuroD1 group. Scale bar = 100 µm.
Right bar graphs, quantitative analyses illustrating the number of NeuN+ neurons, GFAP+ or S100b+ astrocytes, and the neuron:astrocyte ratio among non-injured, mCherry control, and NeuroD1 groups. Note that the neuron:astrocyte ratio was measured as 4:1 in non-injured mouse motor cortex, but significantly decreased to 0.6 after stab injury, and then reversed back to 2.6 by NeuroD1-mediated AtN conversion. n = 3-6 mice per group. * P < 0.05, *** P < 0.001, two-way ANOVA plus Sidak's test.
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Figure 2. NeuroD1 transformed A1-type harmful reactive astrocytes in early time point before neuronal conversion.
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(a) Quantitative real-time PCR (qRT-PCR) analysis revealed a dramatic increase of reactive astrocytic genes Gfap and Lcn2 after stab injury, but significantly attenuated in NeuroD1-infected areas. n = 4 mice. ** P < 0.01, *** P < 0.001, one-way ANOVA followed with Sidak's test.
(b) Toxic A1 type astrocyte-specific genes Gbp2 and Serping1 were upregulated several hundred folds in stab-injured cortices compared to non-injured cortices, but markedly reduced in NeuroD1-infected cortices. n = 4 mice. *** P < 0.001, one-way ANOVA followed with Sidak's test.
(c) More quantitative analyses with qRT-PCR revealed a significant upregulation of astrocytic functional genes in NeuroD1-infected cortices compared to the mCherry control group. * P < 0.05, ** P < 0.01, *** P < 0.001, Student's t-test. and 14 dpi. ** P < 0.01, *** P < 0.001. Two-way ANOVA followed by Bonferroni post-hoc tests. n = 5-6 mice per group.
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(e) Representative images showing the immunoreactivity of CD68, a macrophage marker, significantly reduced in NeuroD1-infected cortical tissues. Scale bar = 50 µm.
Right bar graph showing quantitative analysis result, which revealed a significant reduction of CD68 fluorescent signal in NeuroD1-infected cortices (gray bar) at 3 and 7 dpi. n = 5-6 mice per group. ** P < 0.01, *** P < 0.001, two-way ANOVA plus Bonferroni post-hoc test. (c) Top row illustrating mislocalization of AQP4 signal (green) and detachment of astrocytic endfeet from blood vessels (magenta, LY6C) after stab injury. Note the AQP4 signal was spreading throughout the parenchyma tissue without concentrating around the blood vessels. Bottom row illustrating in NeuroD1-infected areas, AQP4 signal (green) was re-associated with blood vessels (magenta, LY6C). Scale bars = 100 µm (low mag), 20 µm (high mag).
(d) Top row illustrating a significant leakage of biotin into the parenchyma tissue after stab injury, suggesting a disruption of blood-brain-barrier (BBB) integrity (7 dpi). Note that biotin signal was found not only inside the blood vessels but also outside the blood vessels. Bottom row illustrating that in in NeuroD1-infected areas, biotin was mostly confined inside blood vessels, suggesting a restoration of BBB integrity. Scale bars = 100 µm (low mag), 20 µm (high mag). 
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